We investigate translocation mechanisms in smectic A liquid crystals (LCs) by a realistic, coarse-grained model of a LC compound comprising a stiff azobenzene core with flexible tails. We observe that the molecules can permeate from one smectic layer to the next via two different mechanisms, with and without significant reorientation, the former being facilitated through transverse interlayer intermediates. This is possible due to the intrinsic flexibility of the molecules. The two processes lead to characteristic signatures in the Van Hove self-correlation function, which can also be observed experimentally. [3] . In nanoscale structure formation, mesoscopic processes such as phase separation, phase transitions, and self-aggregation are intimately linked to the underlying molecular properties and microscopic processes [4] . Therefore, both experiments and simulations have strived to achieve information about how atoms and molecules "jiggle and wiggle" [5] in the several phases they form and then relate this knowledge to the properties of that particular phase [6, 7] .
Molecular mechanisms are central to our understanding of complex soft matter systems such as aqueous biological systems [1] , glassy polymers [2] , and liquid crystals [3] . In nanoscale structure formation, mesoscopic processes such as phase separation, phase transitions, and self-aggregation are intimately linked to the underlying molecular properties and microscopic processes [4] . Therefore, both experiments and simulations have strived to achieve information about how atoms and molecules "jiggle and wiggle" [5] in the several phases they form and then relate this knowledge to the properties of that particular phase [6, 7] .
The liquid-crystalline smectic phase is a prominent but still simple example of a self-assembled, periodic structure. It consists of liquid-like layers of anisotropic objects stacked on top of each other [8] [9] [10] [11] [12] [13] . Molecular transport in these smectic systems has been under intensive experimental and theoretical investigation. Recently, it has been possible to label rodlike viruses in fluorescence experiments [14, 15] or perform NMR in spatially varying magnetic fields [16] , which then reveals information about transport mechanisms and dynamics. Experiments performed in smectic phases of viruses (long, rigid, μm sized particles with very large aspect ratio, L/D ∼ 100, where L and D are the length and the diameter of the virus, respectively) [14, 15] reveal a hopping type mechanism by which they move from one smectic layer to the next in quasiquantized steps of one layer thickness without any significant reorientation. Monte Carlo (MC) simulations on a system of hard spherocylinders (L/D ∼ 5) [17] reveal similar mechanisms. Additionally they find that these permeation events are dynamically cooperative [17] . Often several molecules participate in such jumps, during which their own directors only weakly fluctuate around the global director. This observation is supported by free energy calculations in the above system of hard spherocylinders (L/D ∼ 5), by Allen et al. [18] . They showed that transverse interlayer (TI) molecules have significantly higher free energies (∼20k B T ) compared to molecules within the smectic layers and aligned along the director. Such a high free energy barrier essentially excludes TI states.
While all the above developments describe dynamical properties in smectic phases formed by colloidal mesogens or rigid * To whom correspondence should be addressed: kremer@mpip-mainz.mpg.de rodlike particles, there is no study about similar phenomena in liquid crystal (LC) phases formed by molecular mesogens with significant molecular flexibility. Effects of flexibility on the nematic-smectic transition [19] and of the fluctuating environment on the dynamics in the nematic and smectic phases [20] have also been studied by approximate second virial coefficient calculations and dynamic density functional theories, respectively. From that one expects that the internal flexibility of the molecules, which is also known to affect the stability of mesophases [21, 22] , should play a significant role for the mechanism of layer-to-layer translocation. In the present Rapid Communication we show results of molecular dynamics (MD) simulations of molecular transport in smectic systems. We discuss the microscopic mechanisms and also describe experimentally measurable quantities which need to be monitored in order to detect them.
Suitable coarse-grained (CG) models allow one to simulate for long times (and large system sizes) while retaining the relevant details about the specific molecular architecture. Recently we have have developed such a CG model for an azobenzene mesogen with flexible tails (azo-based mesogens also exhibit very interesting photoresponsive behavior [23] [24] [25] ), 8AB8, which reproduces the structural properties of the smectic A (Sm-A) phase of 8AB8 at a temperature of 460 K as well as the isotropic to smectic transition in the vicinity of 480 K. The molecule has a stiff mesogenic core with relatively flexible alkyl tails. The structural details can be found in the Supplemental Material [26] . Details of the coarse-graining procedure itself can be found in [27] . Its main feature is that the structure and the smectic-isotropic phase transition of the underlying atomistic model are properly reproduced. The appropriate reference state point is that of a supercooled, isotropic liquid just below the smectic-isotropic phase transition. At this state point the systems displays significant local nematic order, even though the whole phase is isotropic. By capturing these local correlations via a structurebased coarse-graining potential, we were able to derive a CG model with which it is possible to switch between the atomistic and the CG scales (and vice versa) in a consistent way and which reproduces the smectic-isotropic phase transition upon heating and cooling.
Since the CG potentials are softer and smoother compared to their atomistic counterparts, the CG systems have less "microscopic" friction leading to much faster equilibration/relaxation. Due to this, the inherent time scales associated with the atomistic and the CG scale are, in general, different [28, 29] . Understanding the precise connection between these two time scales is still a matter of intense research (see, e.g., [30, 31] ) and beyond the scope of the present work. In this communication we present mechanisms and time scales of single-particle transport in a smectic phase formed by molecules with internal flexibility and discuss the implications for the analysis of experimental data. The existence of all mechanisms found for the CG model have also been confirmed by atomistic simulations.
We simulated a CG, Sm-A system in the NVT ensemble (box dimensions obtained from atomistic simulations) comprising 1296 8AB8 molecules arranged in four smectic layers. The z direction of the simulation box is perpendicular to the smectic layers. The simulations were performed with the Gromacs simulation package [32] and we report data from a simulation of duration 2000 ns in CG time units (5 × 10 8 time steps). The time step was 4 fs and the simulations were thermostatted with the global canonical velocity rescale thermostat [33] .
All information regarding translational dynamics is encoded in the self part of the Van Hove correlation function (VHCF), G s (r,t),
where r is the displacement vector and t is time. This function should be a Gaussian of r (for each time difference t) if the underlying dynamical process is diffusive and will differ from Gaussian behavior if there are nondiffusive elements like jumps present in the dynamics. Here we consider the one-dimensional version of the VHCF, G s (x,t) and G s (z,t), for the displacements parallel and perpendicular to the layers, respectively. The angular brackets denote an averaging over the time origin t 0 . Glassy systems routinely exhibit non-Gaussian dynamics and the tail of the VHCF in such systems differs significantly from a Gaussian distribution, which is due to the presence of dynamically heterogeneous regions [34] [35] [36] [37] . The VHCF of displacements perpendicular to the smectic layers is shown in Fig. 1(a) . At short times, the VHCF is a Gaussian centered at the origin and it spreads with increasing time.
Besides spreading the functions also develop secondary peaks at positions which correspond exactly to integral multiples of the smectic layer spacing, which is in accordance with earlier findings [17] . This suggests that there is some hopping type of dynamics present in the system. Additionally, one also observes shoulders [marked by vertical arrows in Fig. 1(a) ] between consecutive peaks, which will be discussed later. Dynamics within the smectic plane is primarily Gaussian, which is apparent from the spreading of the VHCF shown in Fig. 1(b) . Deviation from Gaussian behavior (along z) is quantified by the non-Gaussian parameter (NGP), which is defined by
where z(t) is the displacement of the particle in the time interval between t 0 and t 0 + t. We have also calculated the nonGaussian parameter for dynamics within the smectic layers and found that these are much smaller than the non-Gaussianities in the direction perpendicular to the smectic layers. Figure 2(a) shows the NGP along and perpendicular to the smectic planes. The MSDs, along and perpendicular to the smectic layers, are shown in Fig. 2(b) . The MSD for displacements along the smectic layers exhibits diffusive behavior from short times, whereas the out of layer MSD exhibits caging effects in the form of a plateau at intermediate times which gives way to diffusive behavior only at long times, in accordance with the structure of the Van Hove function at long times. These generic dynamical features are consistent with the MC simulations of the Sm-A phase formed by hard rods [17] . However, flexible molecular mesogens exhibit more diverse dynamical mechanisms.
Since the translational and orientational degrees of freedom are expected to be strongly coupled in an anisotropic condensed phase like the Sm-A, it is important to ask what is the nature of the mechanisms associated with the layer-to-layer permeation events. In order to track the permeation events we binned configurations in the MD trajectory according to the positions of the centers of the molecule within the simulation box. Based on this we determine the time intervals for the translocation events (explained in detail in the Supplemental Material [26] ) with a procedure which is routinely used to construct Markovian state models of protein folding kinetics [38] . By monitoring the angle with the layer normal we observed that the permeation events fall in two distinct classes, namely:
(a) Translocation without reorientation. In this mechanism the molecules thread immediately from one layer to another without any significant reorientation or intermediate lateral displacement. This mechanism is similar to those found in experiments and simulations of hard spherocylinders. The left panel of Fig. 3 shows this mechanism from snapshots obtained from an MD trajectory.
(b) Translocation via parking lot mechanism. The molecules move from one layer to another by residing in the interlayer space (here their orientation is perpendicular to its initial orientation, i.e., via TI states) for some time and then moving into the next layer, again by reorienting itself so that it accommodates itself within the smectic layer (right panel of Fig. 3 ). The two panels at the bottom of Fig. 3 show the time series for the relevant translational (z coordinate) and orientational coordinates. Due to this mechanism, there is always a small but finite number of TI particles. Translocation via process (b) (filled triangles) is slower than process (a) (filled circles) as is evident from the distribution of the translocation times which are shown in Fig. 4 (left panel) . It is a consequence of having molecules with internal flexibility, which exhibit more diverse dynamical mechanisms compared to rodlike colloidal mesogens.
If one looks at the typical time series of the z coordinate of a particle, then it becomes evident that two consecutive translocation events are not correlated. We have calculated the distribution of residence times of the molecules within the smectic layer, from our CG simulations of 2000 ns duration. One can fit the residence time distribution with an exponential function of time. The time scale associated with the decay of the residence time distribution [58.2 ns from Fig. 4(b) ] is much longer compared to the typical translocation times (∼1 ns). This justifies the simple picture that the dynamics perpendicular to the smectic layers can be imagined as an unbiased random walk in a 1D periodic potential [39] (minima of the potential correspond to the location of the smectic layers) with long residence times punctuated by jumps. Given that the layer spacing is about 3.3 nm and the slope of the MSD along z at long times is about 0.18 nm 2 /ns, one can estimate mean residence time to be ∼60 ns. This value is consistent with the direct estimate of 58.2 ns from Fig. 4 (b) [39] . The inset in Fig. 4(b) shows the distribution of residence time in the interlayer space. Not surprisingly, the time scale associated with the inter-layer residence time is similar to that of translocation via the parking lot mechanism [see Fig. 4(a) ]. Details of the residence time calculations are provided in the Supplemental Material [26] .
While translocation process without reorientation has already been observed in experiments and simulations, translocation with reorientation, which involves a TI arrangement of permeating molecules as the intermediate state, has a more controversial history. A very small fraction of (TI) particles were already observed in the earliest simulations of the Sm-A phase formed by hard spherocylinders (with L/D ∼ 5) [40] . Its existence, as an intermediate state, however, was debated due to the high free energy penalty of about 20 k B T estimated by Allen and coworkers [18] . We have calculated the 2D free energy profiles (the two degrees of freedom are a translational coordinate, the distance from center of the smectic layer, and the angle formed by the mesogenic core with the z axis of the simulation) by the Boltzmann inversion of the 2D distribution functions. The procedure is described in detail in the Supplemental Material [26] . The contour plot of the free energy F (z, cos θ ) = −k B T ln[P (z, cos θ )], where the P (z, cos θ ) is the 2D distribution function shown in Fig. 5 (top panel). The absolute minimum is marked at the bottom right corner of Fig. 5 and it corresponds to a molecule sitting at the center of the Sm-A layer, oriented along the director. Molecular trajectories for straight permeation (dashed line) and permeation via parking lot mechanism (solid line) are also shown. The highest free energy barriers turn out to be between 5 and 7 k B T ; hence they can be easily crossed with the help of thermal fluctuations. This can be directly related to the intramolecular flexibility of the mesogens. Recent simulations on the smectic state formed by hard spherocylinders show that translocation there occurs primarily without any reorientation [41] . They observe translocation via parking lot mechanism as an extremely rare event, which is supported by earlier calculations of free energy barriers in such systems [18, 40] . However, the added flexibility on the tips of the mesogen reduces such a barrier dramatically, making this an important mechanism for smectic systems based on flexible molecules.
To conclude, we mention that molecular LC mesogens, in the Sm-A phase, permeate via two mechanisms. The internal flexibility of these molecular mesogens facilitates multiple transport mechanisms. Free energy estimates of the barrier height required for such mechanisms justify this observation. Signatures of these distinct mechanisms could also be inferred from experiments like quasielastic neutron scattering [42, 43] , by measuring the dynamic structure factor, which is related to the Fourier transform of the VHCF. The appearance of the shoulders in the VHCF (marked by vertical arrows in the left panel of Fig. 1 ) between the consecutive peaks, which correspond to the location of smectic layers, are a clear signature of permeation via parking lot mechanism, which arise due to the fact that these softer molecules can permeate by accommodating themselves in the interlayer spaces. Stiffer colloidal mesogens, on the other hand, display transport primarily via a translocation without reorientation and the VHCF in that case does not exhibit the above mentioned shoulders.
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